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SUMMARY

The National Advisory Committee for Aeronautics is investigating
the possibility of designing a fixed total-pressure tube which will
remain insensitive to inclination of the air stream over a wide range of
angle of attack throughout the subsonic and supersonic speed ranges. As
the first step in this program the variation of total-pressure error with
angle of attack of 39 total-pressure tubes has been determined for an
angle-of-attack range of t45° and an indicated airspeed of 195 miles per
hour. The design of these tubes was varied in such a manner that the
effects of external shape, internal shape, and configuration of the total-
pressure entry could be determined. The external shapes tested included
cylindrical-, conical-, and ogival-nose sections. The internal shapes
and total-pressure entries were varied on the basis of such factors as
size of impact opening, shape of internal chamber, internal bevel,
leading-edge sharpness, slant profile, and shielding (combined with
venting).

The investigation showed that a shielded total-pressure tube (Kiel
type) designed for end-mounting on a horizontal boom and having a vent
area equal to 1.5 times the entrance area was the least sensitive to
inclination of any of the tubes tested. The angle-of-attack range over
which this tube remained insensitive to within 1 percent of the impact
pressure was 41.5°.

A comparison of the calibrations of the remaining tubes showed that
cylindrical tubes are less sensitive to misalinement than either conical
or ogival-nose sections. For simple straight-bore cylindrical tubes, it
was shown that the range of insensitivity may be increased by increasing
the size of the impact opening. For tubes having a very large bore
extending 1 tube dlameter behind the nose, the misalinement character-
istics may be improved still further by the use of a hemispherical rather

lSupersedes NACA RM L50G19, "Wind-Tunnel Investigation of a Number
of Total-Pressure Tubes at High Angles of Attack. Subsonic Speeds," by
William Gracey, William Letko, and Walter R. Russell, 1950.
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than a cylindrical chamber. Cylindrical tubes incorporating a 15°
internal bevel extending about 1.5 tube diameters to the rear of the
nose were shown to provide even greater insensitivity to misalinement.
An important feature of this tube was a sharp leading edge which was
found to be generally effective in increasing the range of insensitivity
of total-pressure tubes.

For airspeed applications where it is not essential that a tube be
insensitive to large negative angles of attack, the range of insensi-
tivity at positive angles of attack may be extended by the use of a
slant profile. The range of insensitivity of a large-bore tube, for
example, was shifted from 1230 to -13° and 32° by means of a lO6 slant
profile, The sensitivity of this tube to angles of yaw and to angles
of attack combined with angles of yaw up to 150 was shown to be no
greater than that of a similar tube having a straight leading-edge
profile.

INTRODUCTION

With the development of high-speed airplanes having low-aspect-ratio
wings and the capability of flying to high altitudes, it has become
possible for airplanes to reach extremely high anglées of attack at high
speeds. Under these conditions the total pressure measured by a conven-
tional fixed total-pressure tube may be appreciably in error because of
the inclination of the tube to the air stream. Although these errors may
be avoided by mounting the tube on pivots and adding vanes so that the
tube will always aline itself with the air stream, this type of tube is
considered undesirable for high-speed flight because of the possible
serious consequences of structural failure when the tube is mounted ahead
of the fuselage nose.

In order to establish the optimum design of a fixed total-pressure
tube for use at high angles of attack, the National Advisory Committee
for Aeronautics has inaugurated a wind-tunnel program for investigating
the characteristics of a number of total-pressure tubes through a large
range of angle of attack in both the subsonic and superscnic speed ranges.
This paper presents the results of the subsonic tests of the first group
of tubes to be investigated. In the interest of early publication of
the test results, the data are being presented at this time without
detailed analysis.

SYMBOLS

d diameter of impact opening of tube

D body diameter of tube
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H total pressure of free stream

H! total pressure measured by tube

NH total-pressure error (H' - H)

q free-stream impact pressure

a angle of attack of total-pressure tube, degrees
¢ angle of yaw of total-pressure tube, degrees

APPARATUS AND TESTS

The 39 total-pressure tubes which were tested during this investi-
gation are shown in figures 1 to 5. Design details and pertinent dimen-
sions of each of the tubes are given in the calibration charts at the end
of this paper. With the exception of tubes A-10 to A-13 and E-1, the body
diameter of each of the tubes was 1 inch.

For purposes of comparison the 39 tubes have been divided into five
groups on the basis of the external shape of the nose sections - cylin-
drical (series A), 15° conical (series B), 30° conical (series C), 45°
conical (series D), and ogival (series E). The design of the various
tubes in each of the five series was varied as regards both internal
shape and configuration of total-pressure entry. It may be noted in
figure 1 that tubes A-10 to A-13 were actually the same tube in which
the number of exit orifices was increased on four successive tests.
Similarly, tubes A-2 and A-3 were identical except for the thickness
of the wall at the entry.

The tests were conducted in the 6- by 6-foot test section of the
Langley stability tunnel. The tube support employed during these tests
was a special U-shaped swivel mechanism (figs. 6 and 7) which was
mounted on the side wall of the tunnel. This support was designed with
the axis of rotation directly below the tip of the total-pressure tube
in order that the total-pressure entry would remain at the same point
in the ailr stream regardless of the angular setting of the tube. The
inclination of the tube to the air flow was set by means of a control
arm and an angular scale on the outside of the tumnel wall (figs. 7 and 8).
Possible errors caused by deflection of the support mechanism were
investigated at an angular setting of 45° and were found to be negligible.

Each tube was tested at an impact pressure of 100 pounds per square
foot or an indicated airspeed of about 195 miles per hour. At this speed
the tube was rotated through an angular range of t45° in 5° increments.
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For each setting of the tube the total-pressure error was determined by
measuring the pressure difference between the test tube and a fixed pitot-
static tube mounted on the opposite side of the tunnel (fig. 6). The
pitot-static tube was also used to provide a measure of the impact pres-
sure at which the tests were conducted. The accuracy of the measurements
of AH/q. was estimated to be within 0,002,

RESULTS AND DISCUSSION

The results of the tests of the 39 total-pressure tubes are pre-
sented in figures 9 to 47, The symbol AH shown in these figures
represents the total-pressure error, which is defined by the relation
H' - H, where H' 1s the total. pressure measured by the tube and H
is free-stream total pressure. These total-pressure errors are pre-
sented as fractions of the impact pressure and are plotted as a
function of the angle of attack o« (or angle of yaw V) of the tubes.

In the following discussion the calibrations of each series of
tubes are treated separately in order to show the effects of internal
shape and configuration of the total-pressure entry on the character-
istics of a given external shape. At the end of this discussion the
calibrations of comparable tubes in each of the five series are compared
to show the effect of variations in external shape. The criterion which
has been chosen for these comparisons is the range of angle of attack
over which the tube reads correctly to within 1 percent of the impact
pressure. For convenience in making these comparisons the range of
insensitivity of the 39 tubes has been summarized in table I,

Cylindrical-nose tubes - series A.- The calibrations of 13 total-
pressure tubes having a straight external wall are presented in fig-
ures 9 to 21. The design of these tubes was varied in such a manner
that the effects of size of impact opening, shape of internal chamber,
slant of leading-edge profile, internal bevel, and shielding (combined
with venting) might be investigated.

The variation of tube sensitivity with impact-opening size (or more
specifically, the ratio of impact-opening diameter d to tube diameter D)
may be determined by comparing figures 9 to 11. Examination of the two
extreme cases, tubes A-1 and A-2, will show that the tube having the
larger ratio of d/D has the greater insensitivity to misalinement. For
example, the range of insensitivity of the large-bore tube A-2 (% = 0.95)
is #23°, whereas that of the small-bore tube A-1 (% = 0.125> is only #11°,
Small differences in impact-opening size, on the other hand, have a
negligible effect on the range of insensitivity of the tube. Figures 10
and 11 show that for a decrease in d/D from 0.98 (tube A-2) to 0.96
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(tube A-3) the range of insensitivity is exactly the same. That the
detrimental effect of the smaller impact opening is still present, how-
ever, is evident from the fact that the total-pressure error of tube A-3
at a = 45° is slightly larger than that for tube A-2. These results
are in general agreement with those reported in references 1 and 2 for
hemispherical-nose tubes over a range of 24" .

The effect of the shape of the internal chamber on the character-
istics of cylindrical tubes having blunt leading edges is shown in fig-
ures. 10 and 13. The design of the tubes shown in these figures was the
seme as regards the size of the impact opening and the depth of the chamber
(1 tube diameter behind the nose); the chamber of tube A-2, however, was
cylindrical while that of tube A-5 was hemispherical. Comparison of the
calibrations of the two tubes shows that the performance of the tube is
improved by changing the chamber from cylindrical_to hemispherical and
that the magnitude of this improvement is about 2%9.

The effect of internal shape on cylindrical tubes having sharp
leading edges may be seen from a comparison of the calibrations of
tubes A-4 and A-8 (figs. 12 and 16). " These two tubes are alike in that
both have 20° internally beveled leading edges but differ in that
tube A-4 has a cylindrical chamber (1 diameter behind the nose) while
tube A-8 has a 20° conical chamber, As indicated by figures 12 and 16
the conical chamber has a beneficial effect on the performance of the

o
tube, for the range of insensitivity is about 2% grester than that of

the tube with the cylindrical chamber., On the basis of this and the
previous discusslon of internal shape, 1t is apparent that both conical
and hemispherical chambers are superior to cylindrical chambers.

The effect of varying the slant of the leading-edge profile of a
cylindrical tube is shown in figures 10 and 14(a). Changing the profile
from square (tube A-2) to a slant of 10° (tube A-6) is shown to have a
beneficial effect in shifting the curve by about 10° so that the tube
remeins insensitive to higher positive angles of attack. The range of
insensitivity of tube A-6, for example, extends from -13° to 32°,
whereas that of tube A-2 is only £23°, The sensitivity of tube A-6
to angle of yaw is presented in figure 14(b). As shown by this figure
the range of insensitivity is t23°, which is the same as that for
tube A-2, The characteristics of tube A-6 at angles of yaw combined
with angles of attack are given in figure 14(c). The curves in this
figure show that the range of angle of attack over which the tubes
remain insensitive decreases progressively as the angle of yaw is
increased to 20°. For angles of yaw as high as 150, however, the tube
is still insensitive to within 1 percent g, for an angle-of-attack
range of -9° to 23°. It may be concluded, therefore, that a slant
profile of 10° has the effect of improving the characteristics of the
tube for positive angles of attack (V = 0°) without loss in performance
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at either angles of yaw (a = 0°) or angles of attack combined with angles
of yaw up %o 15°.

The misalinement characteristics of straight-wall tubes having
internal bevels of 150, 200, and 25° are shown in figures 15 to 17.
These figures show the range of insensitivity of the tube to decrease
progressively as the bevel angle is increased. For an internal bevel of
15° the tube is insensitive over a range of t27.5°, whereas for a bevel
angle of 25° the range of insensitivity is only ¥23.5°. An important
feature of these tubes was the sharp leading edge, which in these and
other tubes has been found to be effective in increasing the range of
insensitivity.

The calibrations of shielded total-pressure tubes having vent areas
varying from O to 1.5 times the entrance area are shown in*figures 18
to 21, The design of these tubes was based on that of the Kiel shielded
total-pressure tube reported in reference 3. The present design differs
from the Kiel tube, however, in the type of mounting attachment, for the
Kiel tube was fitted with & transverse spindle whereas the present tube
was designed for end-mounting on a horizontal boom., This feature was
incorporated in the present design in order to avoid the vibrational
difficulties which have been encountered at high speeds with spindle-
mounted tubes., The calibrations in figures 18 and 19 show that the
effect of venting a shielded tube is considerable., The range of insen-
gitivity of the unvented tube A-10, for example, is 124° whereas that of
the tube having a vent area equal to one-half the entrance area is 438.5°,
Increasing the vent area to 1 and 1.5 times the entrance area extends
the range of insensitivity of the tube to f41° and I41.5°, respectively.
(See figs. 20 and 21.,) It may be noted at this point that the range of
insensitivity of tube A-13 was the largest of any of the 39 tubes tested
during this investigation.

Conical-nose tubes - series B, C, and D.- The misalinement character-
istics of conical-nose tubes having external bevel or cone angles of
15°, 30°, and 45° (series B, C, and D, respectively) are given in fig-
ures 22 to 41, The design factors which were studied with these tubes
included leading-edge sharpness, impact-opening size, and internal
bevel.

The effect of leading-edge sharpness on conical-nose tubes may be
determined by comparison of the calibrations of tubes B-1 to B-3, C-1
to C-3, and D-1 to D-3. (See figs. 22 to 24, 28 to 30, and 36 to 38.)
The impact opening of each of these tubes was L -inch diameter and the
wall thickness at the impact opening for each 6f the three series of
tubes was varied from O to 0.05 to 0.10 inch. For the conical-nose
tube of 15°, the range of insensitivity was decreased from I21°
to 113° to %10.5° as the leading-edge sharpness was decreased by the
amounts noted (figs. 22 to 24). Figures 28 to 30 and 36 to 38 show that
the range of insensitivity of tubes having cone angles of 30° and 45°
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varies in a similar manner. It may be noted, however, that the total-
pressure errors of the blunt-nose tubes having cone angles of 30° and 450
are smaller than those of the sharp-nose tubes at the higher angles of
attack.

The effect of impact-opening size on the characteristics of a
conical-nose tube of 30° is shown in figures 28, 31, and 32. These
figures show that, for an increase in the size of the impact opening
from 1/16 to 1/8 to 3/16 inch, the range of insensitivity of the tube
is increased from tl5.5° to *17.5" to *19°, respectively. These results
are similar to those obtained with cylindrical tubes in showing the
advantage of large d/D ratios,

The characteristics of conical-nose sections having internally
beveled total-pressure entries may be shown by comparing the calibra-
tions of tubes B-U to B-6, C-6 to C-8, and D-4 to D-6 (figs. 25 to 27,

33 to 35, and 39 to 41). These curves show that for each of the three
cone angles the tubes having an internal bevel of 15° are less sensitive
to misalinement than tubes having 20° and 25° bevels. It will be
recalled that this variation of tube .sensitivity with internal bevel
angle is the same as that shown for internal bevels on cylindrical tubes.

Ogival-nose tubes - series E.- Calibrations of total-pressure tubes
havi an ogival-nose section similar to that of the F.S.S.C.
No. 18-T-k554 pitot-static tube are presented in figures 42 to 47. The
total-pressure entries of these tubes were varied on the basis of leading-
edge sharpness, profile slant, and internal bevel.

Tube E-1 was an actual F.S.S.C. No. 18-T-455k tube (%- inch body

diameter| which was adapted for mounting on the swivel test rig used in

this investigation. The total-pressure entry of this tube was reworked
for these tests to a sharp leading edge by reaming the impact opening
to a diameter of 0.29 inch. The nose shape of the remaining tubes was
patterned after tube E-1 except that the body diameter for these tubes
was 1 inch.

An approximate indication of the effectiveness of sharpening the
leading edge of this type tube may be obtained by comparing the tests
of tubes E-1 and E-2 (figs. 42 and 43). The sharp-edged entry remained
insensitive .over a range of angle of attack of t16°, whereas the blunt-
nosed tube was insensitive from only -1.5° to 11.5°. The asymmetry of
the curve for the second tube is, of course, due to the 10° oblique
profile. If the forward profile of this tube had been straight, the
curve would presumably have been symmetrical about zero angle of attack
and the tube insensitive over a range of +6.5°,
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The effect of changing the slant of the leading-edge profile from
10° to 20° is shown in figures 43 and 4, These curves show that, whereas
tube E-2 is insensitive over an angle-of-attack range from -1.5° to
11.5°, tube E-3 is insensitive from 8.5° to 21.5°. 1In other words, the
effect of increasing the slant angle from 10° to 20° is a shift of the
curve on the angle-of-attack scale of 10°,

The effect of varying the internal bevel from 15° to 25° on an
ogival-shaped tube is shown in figures 45 to 47, As shown by these
figures, the range of insensitivity decreases from *19° to +18.5° to +18°
as the bevel angle increases from 15° to 20° to 250. The variation of
tube sensitivity with bevel angle is, therefore, the same as that for
cylindrical- and conical-nose tubes. The magnitude of the variation,
however, for equal changes in bevel angles is somewhat less than that
for the cylindrical and conicel tubes.

An interesting phenomenon which was encountered during these tests
is that at high angles of attack the indications of some of these tubes
became very erratic and these irregularities were accompanied by
a loud whistling sound which could be heard through the walls of the
tunnel, When tube E-1, for example, was moved through the angle-of-

_attack range, the indicated pressures would sometimes follow the solid

line shown in figure 42 and for this case no whistling could be discerned.
During other tests, however, the indicated pressures would follow the
dashed curve (that is, the total-pressure errors were increased) and
under these conditions the tube whistled. The exact cause of this effect
is not entirely clear, for it was noted during the tests of tubes E-1

and E-3 but not of tube E-2 (which had a chamber of the same size and
shape as that of tube E-3 and differed only in the obliqueness of the
profile). With tube E-1 the effect began at angles of attack of ¥ho°.
With tube E-3 the whistling began at -25° which, when added to the
effective zero (15°) of this tube, is also equivalent to 40°. These
acoustic effects could probably be eliminated by decreasing the length

of the internal chamber, but just what the critical length is for
chambers of this shape was not determined during this investigation.

External shape - series A, B, C, D, and E.- The effect of external

shape on the misalinement characteristics of total-pressure tubes can
be determined by comparing tubes having the same type of total-pressure
entry in each of the five series. For example, comparison of tubes
having an internal bevel of 20° (figs. 16, 26, 34, 40, and 46) will show
that the range of insensitivity of the tubes having a straight external
wall is greater than that of the tubes having conical- and ogival-nose
sections., The range of insensitivity of the 15° conical tube, in turn,
is greater than that of the conical tubes of 30° and 45° and is about
the same as that for the ogival tube, Similar trends may be noted from
comparison of tubes which have other types of entry.
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CONCLUDING REMARKS

TrLe more significant conclusions which may be drawn from the results
of subsonic tests of the total-pressure errors of 39 total-pressure tubes
over an angle-of-attack range of t45° are summarized in the following
paragraphs.

A shielded total-pressure tube (Kiel type) designed for end-mounting
on a horizontal boom and having a vent area equal to 1.5 times the
entrance area exhibited the least sensitivity to inclination of any of
the tubes tested. The angle-of-attack range over which this tube
remained insensitive to within 1 percent of the impact pressure was *41.5°,

From the standpoint of the various design factors which were studied
during the investigation, the following results appear noteworthy. Tubes
having a cylindrical external shape were less sensitive to misalinement
than tubes having conical- or ogival-nose sections. For simple, straight-
bore cylindrical tubes, the range of insensitivity was increased by
increasing the relative size of the impact opening. For tubes having a
very large bore extending 1 tube diameter behind the nose, the misaline-
ment characteristics were improved still further by the use of a hemi-
spherical rather than a cylindrical chamber. Cylindrical tubes incor-
porating a 15° internal bevel extending about 1.5 tube diameters to the
rear of the nose provided even greater insensitivity to misalinement.

An important feature of this tube was a sharp leading edge which was
found to be generally effective in increasing the range of insensitivity
of total-pressure tubes,

For airspeed applications where it is not essential that a tube be
insensitive to large negative angles of attack, the range of insensi-
tivity at positive angles of attack was extended by the use of a
slant profile. The range of insensitivity of a large-bore tube, for
example, was increased from 1230 to -13° and 32° by means of a slant profiic
of 10°. The sensitivity of this tube to angles of yaw and to angles of
attack combined with angles of yaw up to 15° was no greater than that of
a similar tube having & straight-leading-edge profile.

Langley Aeronautical Laboratory
National Advisory Committee for Aercnautics
Langley Field, Va., July 25, 1950
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TABLE I.- ANGULAR RANGE OVER WHICH TOTAL-PRESSURE. TURES ARE INSENSITIVE TO

MISALINEMENT TO WITHIN 1 PERCENT OF IMPACT PRESSURE

External Range of
Tube|Figure cha Internal shape Total-pressure entry |insensitivity
pe
(deg)
A1 | 9 |cylinarical % = 0.125, blunt a = 11
A2 | 10 |--m-doemem- Cylindrical chember % = 0.98, blunt @ = 123
A3 |1 do S £ = 0.96, blunt a = 23
A-b | 12 do do -— 20° internal bevel a = £23
A-5 | 13 FRREY, T Jrutiouon Bemispherical chamber % = 0.98, blunt a = 125,5
d
A-6 | 14(a)|-~--do-——-] Cylindrical chamber [§ = 0:98, blunt, 10° elant = -13 to 32
D profile
4-6 | 14(1b) do do S P dO=mmmmmem—an v = 23
A-T | 15 ====d0m-m=al 15° internal bevel Sharp a = £27.5
A-8 | 16 R I T 20° internal bevel {----- bmmmman d0-eccmcmaana a = £25,5
A-9 | 17 |=---d0=-==-- 25° internal bevel |-=-=-w-cauee doemmcenccan a = 123.5
A-loJ 18 wem=dpm====| Shielded unvented a = 24
Shielded vented -
A-11 19 e (% X frontal area) a = 138'5
Shielded vented +
A-12} 20 -===80=--=~ (1 x frontal area) a=th
A-13) 21 =---d0---—- Shi(i;idf:gﬁ:g a.rea) o = thl.5
B-1 | 22 15° cone Sharp a = 21
B-2 | 23 S TS, Blunt, 0.05-inch wall a = %13
B-3 | 24 ——=dOmmm : Blunt, 0.10-inch wall a = #10.5
B-4 | 25 ~==30--= 15° internal bevel Sharp @ = 21
B-5 | 26 Y. T- pa— 20° internal bevel |-------- B e L a = 19
B-6 | 27 --=do--~ | 25° internal bevel |---=---c=--- d0-c-m=moceu- a = +18
c-11] 28 30° cone Sharp, 1/8-inch orifice a = t17.5
c-2 | 29 -—40--- Blunt, 0.05-inch wall a = £10.5
c-3 | 30 comedQm—e Blunt, 0.10-inch wall a =19
c-4 | 31 amedOmam Sharp, 1/16-inch orifice a = t15.5
c-5 | 32 e mdOmmm Sharp, 3/16-inch orifice a = %19
c-6 | 33 —==d0nm- 15° internal bevel Sharp a = £20.5
c-7 | 3k =-=d0-=- | 20° internal bevel |--=-caca---- V- SO a = 18
c-81 35 =e=dOw=== 25° internal bevel |~=--=-a==--- L a = t17.5
D-1 | 36 bs® come [ 000 licceeeoao- 1< S a = 1k
D-2 | 37 -==d0-=- Blunt, 0.05-inch wall a = £9.5
D-3 | 38 -==d0~=-= Blunt, 0.10-inch wall a = £8.0
D-4 | 39 ---do--- | 15° internal bevel Sharp o = t15.5
D-5 | ko —md0=== 20° internal bevel j-eeceaco-a-oo Y, a=15
D-6 | \ -==do-=- 25° internal bevel |eecceco——-oo 40— mmemmama a = £13.5
B-1 | 42 Ogival Ogival chamber |cecccaaaa-s d0=mmmmamemn a = t16
E-2 [ 43 --=-do~-- Ogival chamber Blunt, 10° slant profilea = -1.5to 11.H
E-3 | b . Ogival chember Blunt, 20° slant profilela = 8.5 to 21.5
E-4 | U5 =30~ 15° internal bevel Sharp a = 119
E-5 | 46 ——edo-— 20° internal bevel l-c-oceaoo_. d0==ccmmmmama a = $18.5
E-6 | W7 ~=edO~=w 25° internal bevel |--cececcaaa- d0~——cmmmmem a = 118







- 13

" Preceding age blank

I

NACA TN 2331

T°2Lh69-1

‘Y 89199

*STTBA TBUIIIX3 QUITBI}S BUTARY soqnj aanssaxd-T1e30], -'T oIndTg

E=v
pus g=v







NACA TN 2331

.

- Preceding page blank

Series B.

PR TR
RIS
S

Figure 2.- Total-pressure tubes having 150 conical-nose sections.

15






b~
—

S "D 83TI8g  SUOTROI8 IBOU-TBOTUOD Of BUTABY 89qn3 aangsaxd-Te30L -°f oanIrd

NACA TN 2331






19

NACA TN 2331

. Preceding page blank

‘@ 83Taag

*gU0T3038

980U-TBOTUOD

oG ButA®Y

saqny aanesaxd-TB30L -4

amBT g







| Preceding page blank

NACA TN 2331

*§ 8aTI38

- ng
*8UOTQ038 3SOU-TBATHO BuTABYy saqny aausgard-1wl0l, - ¢ aIn3Td






23

NACA TN 2331

ng page bark

Preced

—

_

*TTeM U TI uo aqng
013835-1031d aTtuaxsgal pur ITBM 3J9T U0 aqny aanssard-181019 WHQEdmm
.swas uwre TaAatas Jurmoys Touung £3771qels ASTBu®] Jo MaIpA ~°9 9andig







. Preceding page blank

NACA TN 2331

*saqny aanssaad-1wr03 JO

¥o8398 JO 273uB JuUIFuBYD JIO0J PISN WSTUBYOISW TSATMS JO ueldeI] -°) 9andrd

JI578WOUBT OF
SRS

J8qUTod

oTeIs —

[

TTen Hmncsenllk\\

eqngq aamssaxd-Te10]

01

WJEe TOATMS ——

0T

n

" w\ku J B







27

NACA TN 2331

Preceding page hlank

*a1BOsS }0By18-JO-aT3um
pue ‘xsjutod ‘urw Tox3uod Buymoys TTBA [2UUN] JO SPISINO MITA -°Q 2InIJTJ







NACA TN 2331

T~V eang

"}oB33® JO STBUB Y}TA I0IID 9InSSaxd-Te103 JO UOTABIABA -°6 2anITg

b_ﬂn dn 3ep “jowy3w jo eq3uy unog
£ oY o¢ 0z ot 0 ot oz of oY
E— T T
a |
8| .
< 8
| — 9
oo
=
. — ]
. a
. PX O.l
@
| =
™
(G O/ \u
C\ b A &bm

u8/T

"




NACA TN 2331

30

*e-VY equ

*¥2817B JO 873ur Y3 Ia JoaIs ainssald-1®109 JO UOT3BIIBA -°(01 2IndrJd

dp 8ep ‘yomye jo erduy usog

oY o¢ oz o1 ] ot oz ot oy

T T

\\\.\)t:

R\\'Ad‘fu(lLVV

8-
9°=
- B

D a . N b SN o
C ~ Ay A4 7 A= A °
Z=Y equ} T| uT —>
ﬂ.&\ﬁ ﬁ|
R —====r
T === - I__ W10°
* [ {




31

*E-V aquy,
‘308318 JO oTJUB YJIM J0IIa aanssald-Teq03 JO UOTIQBIIBA -°TT SIndT4g
dn 3ep ‘xowige Jo erduy amo(q
or ot oz 0t [ ot oz of ov
8-
9°-
(] 4.' %“
q D
/c/ \V\ i
ﬂ[
D < G €5 & Ao { 0
€=y eqn} e 0T 5
= K7 3 B
g 5 I _
" Iu'llll...lllll‘l-l'llll“llllln a20°
|
B H Lo 1
m }



NACA TN 2331

32

“H-V 24Ny
*{oB}® JO 9T8uUB Y3TM J0II3 axnssaxd-1e307 JO UOT}BLIBA - 2T Sandty
dp 3ep “yowmyyw Jo erduy usoq
ov ot 0z ot 0 ot 0z 0t oy
T
///f, n%\\
y=-v eqny W7o
L e S
L T
S - - [
uT = - = T T 1
i | 02
! L]

8-

9°=

CE



33

*C-¥ aqng
*}oB34® JO oTFuw Y3 M JOIID aInssaxd-Te301 JO UOI3BIdBA -*£1 aandig

"dn Jop ‘yowge jo epduy unogq
Q7 o€ [+74 ot 0 ot [¢74 ot o7
| |
ST VIVN
8°-
9°-
7- LB
q
/ hvw.c
, u//n V\\A
V/Av/\( O O & A\ &H & 2 DyeeelD> 7y o
S=V equy gl lN\H rl
—~ ﬂ .m\ﬁ \\\ o
o™
8 IH ab.lll llllllll o T = |\
)/ «10°
m xﬁ’ S Lﬁ
:



NACA TN 2331

34

‘Q9-y °qnl ‘wBaI3s

I1® 343 O3 UOTYBUTTOUT Y3TA JOIId 3anssaxd-Te303 JO UOTIBIIBA - 4T 9IndTJ

dn
oY

ot

(g0 = #) 993138 Jo TRy (v)

dep ‘;owyyw jo eyduy
oz ot 0 ot oz

oY

9*-
¢
/1.
i
AEN
.
— b Vch,La\LT\C\C\, 0
97 sang B -
..H .M\HIUHW!IHHIIH:MHHHIIII..IIIHHL“ /
k L I“ V w10
=t

g =



35

RACA TN 2331

*PANUTRUOCY - HT SINITA

.Aoo = D) aef Jo 313Uy (q)

Wny Sep ‘anf Jo epduy a1
o7 ot oz ot 0 ot [+74 ot o7
¥ 1
<u<ﬂ»f/
8-
9°-
-

/e/ \nw e

¢
¢
o



NACA TN 2331

36

*papnIouUc) -'H1 2amITd

‘mBL JO 8373UB YjTm pauUTqUOd }O0BII® JO soTFuy (2)

dn 8ep *)yoeqaw Jo eTduy umoq
o of 02 o1 [o] o1 [¢74 ot on
1 T
7 VIVN ™
- 074
/
_ st \ /
llllll ot \7\\N\
—o—— o AL
(20p) \ \
4 ‘!
\\
7 \1\\ L
~ N, ‘\\ \\
A B el 7
SN . =1 |
i !lrll’quf \os 'Jf\ QII.M\].M\JDA = =
9~V sanl _ A b ot
q kY ) .
1 hrllllﬂ lllll === T o= = 4
VA T T
[ _t

8°-

9°=

LE



37

NACA TN 2331

. * L=V eqny
*}o833® JO oT8uB Y3IM JOxad axnssaxd-Tw303 JO UOIRBIIBA -'GT 21n3T14

dg 3ep ‘yomye Jo eT3uy uso(q
o7 ot oe ot 0 ot [e74 o€ o7
T
VIOVN
8-
T
9°-
. T £E
& D 2~
D, Fe
V/A Do D y. N b y. y, y. N ; . LJ‘.‘\.\AV\A 0
N ~7 ~ A4 ~7 s 7

’ ..H” J'I'-I.Illl‘l.l,: ||||| — ||.IL///. . ST




NACA TN 2331

38

8TV eqng

*3[9®8338 JO 9TIur Y3FM JOIIS aInssaad-1B303 JO UOTABIIBA -'QT aIn31jg

dn Sop ‘jouyiw Jo eTduy unog
o¥ ot oz 0t o] o1 oz o7
] ]
T VIOVUN
g°-
9°-
7t-
i
/ g
V/A[r » U, N & i N N a Dt Vq\n
4 A4 < O o 0
8-¥ eqny
H W9IT/€ — -
e -
oL - — . _—____C o —
k * -~ o002
// *

CE



39

*6-Y eqny
398318 JO 218UB Y3TM I0II5 aanssaxd-1v303 JO UOTABTIBA -° )1 aInITg
dn Sep ‘xomgn jo eduy
ot 0

uso(

074 ot 024 oY

P

c\

NACA TN 2331

9°-

-

z°-

Ly =



NACA TN 2331

Lo

*O0T-Y aqny,
*joB338B JO S1JUB Y3TM JOII3 aanssaxd-Tw303 JO UOTIIBTIBA -'QT 2andtyg
dn 8ep ‘xowmyaw Jo e13uy usoq
o7 o€ oz ol o ot oz ot oy
T T
2O
8-
9°=
Ql
BB
S a
N/ \h .-
N
f b ok V\AK 0
OT-¥ eqny
7772 . e L0 ol
IS =
0 = wow apxg r /////évvf_ 7] T o




41

NACA TN 2331

"TT-V 9qng
"Y28338 JO STBUB U}TM JOIX® arngsgaxd-18303 JO UOTJBTIIBA -'46T 9INJT4

dp 30p “*30019¥ Jo etduy

umoq
oY ot 074 ot 0 ot [+ ot o7
T T
P
q o
\ /
u/ccocc,mmwwaofc,o\o\
HHI<.0&=H «Yuwm.qir
ﬂmﬂ@@? N —
T —1 «8/€ &/€
(eoxw eouwaaU)S°0 "
= woa® IPXI _ %/ ////\\\\\\N\\N\a ﬂ\% \ \? t

-

8-
9°-

- £F



NACA TN 2331

L2

ST~V aquy, .
‘¥0®8338 JO aTBUB Y3IM J0Iad aunsssxd-TB8303 JO UOTFBIIBA -°02 oanIT4
dn , 3ep ‘xowmyw jo srduy uRoq
o7 ot oz ot 0 014 oz o€ o7
T T

N
8-
9°-
KAL) -3

4 H—S— B¢ S ——&
ZI-¥ sqn t.wm._..
2 r stz 2t
Jl//// mvﬁkg\\\ . Pt

zo e RN/
Pl ﬁ//// = g\%ﬂ\ww?u.lk
LLLLZLE T-Mb.l‘_




43

NACA TN 2331

“ET-V aqny,

*}2e33w JO oT8uw YiTM I0XI5 aangsard-1®303 JO UOIRBIIBA -°T2 9InJTg

dg 3ep ‘yowmyw jJo ey3uy umog

o7 ot oz ot 0 ot 0z V3 o7

T t

7 VIVN ™
8°-
9=
- FE
-
A /\&
D). PN D a5 @D &) by, D & QA & b at -y
- © g A4 > -y g < \erg ~ 0

(woae eouwaquz)Se T
= wogv T3

-2

%

| B/E wi/e

N

T,.a. N



NACA TN 2331

"T-4 2qny,
*Y0B338 JO 213uB U3 JOIId 2anssard-1840% JO UOT1BIIBA -°g2 2In314

dpn 3ep “3owyy® Jo erduy ) n-on
o7 ot oz [a]8 . 0 ot oz . 0Of o7

G

8-

9°=

- e

B & & & 0
T-9 eqn}
ﬁaw\ﬁ .
ﬁl&l.!lll |||||| o e o e
L SR B
! 51




L5

‘e-q4 2qny,
‘Y0838 JO 3T3u® YA JOIIS oanssard-1B304% JO UOTIBIJIBA -°€2 aIndT g

dn 3ep ‘xowmiw Jo er3uy . umoq
oY ot 0z ot 0 118 074 ot oY

e

A 4
b,

1 en

ot .HI..M.! e b bt

[ — - — =1 =4

NACA TN 2331

8-

9°=

[ A

FE



NACA TN 2331

46

“E-g aqny,
*}{o®313® JO ST73UB Y3 TM JOIIS ainssard-Tej0q JO UOTRRTIBA -2 2Indrg
dn op “3owyye Jo eT3uy umoq
oY o€ o4 (1] 0 ot oz of oy
\\sﬂu&,_w\/l/}u
8°~
9*-

£

h s |z
/G/ yd
X b
v/av/«rr Sl \ 0
£-g oqny
“=MWWHHMHHHMUHHHHHHHWHNUHMUHHHHWHHJHHMHMHMHW M%M
h 2 1




47

NACA TN 2331

44 Iqng,

*¥0B33® JO STFU® Y3TM I0IIs sunssaxd-1wl04 Jo UOT3BIIBA -°G2 SaInITJ

dp Fop ‘qomys Jo srduy umoq
oY 0z ot 0 ot 0z oY
T T ‘
£ __- = 8~
9°-
/ S ge- £E
,n/ .\n\
N e
bh— & —6— 65 0



NACA TN 2331

*G-€ aqny,

‘308178 JO 9TFUB Y3 TM I0II3 aInssaxd-T18107 JO UOIRBTIBA -°9g 3InITJ
Sep “yowyye Jo eTduy usoq
o€ 0z ot 0 ot oz o€ oY

_ ﬂ

N | goe




k9

NACA TN 2331

*9-d aqny,
*}{oB33® JO STIUB Y3TM JOII3 aangsaid-18307 JO UOI3BTIBA -°J)2 aamITq
dq T ep ‘3owm3w Jo syduy \ uso(
o7 ot 0z ot o ot 0z ot oY

h .<U<Z. Hu‘ go-
N | /|,
N y
A / -
// \c\
/A N Y NI v\

4



NACA TN 2331

50

“1-D 8qny
*joB398 JO 9TBuB Y3Tm JOIIs aunsgard-1B303 JO UOT3BIIBA -'gg 9In3T14

dn © Bep ‘yowy3w Jo erduy asog
o7 o€ 0z ot 0 o1 0z ot o7

T T
N

\

\ T /

S SHED S S . S
-0 oqny
ﬂ "8/1
E———— | = 4
Wl T—/——————— T oo O T
T
* oST




51

*2-0 2quy,

‘3083138 JO STJUB Y3IM J0II3 3anssatd-Tej01 JO UOIRBIIBA -° 62 2anI14g
dg 3ep ‘jowmygw Jo eT3uy anoq
()4 o€ oz ot 0 ot oz of oY
' !

VIVN

,n/ . \ - OB

N , y e
AN / \
<=0 eqny

& # M\“ «50*

™ o e el S s N

m Bl =l

- F

=



NACA TN 2331

52

: *£-D |qny, .
*}oe11® JO oTduB Y3Tm J0IXa3 aanssadd-18307 JO UOTYBIIEBA -0f a2andtyg

dp 3op ‘yowm3e jo eTIuyY asoq
oY ot oz ot 0 © oot oz 0¢ o7

T T
IR

AJ[ or g 0
€=0 eqng
# x8/1 .
wOT
uT Lll,l oo s e —— e ey,
| &1
=



33

‘-0 |qnyg
"joB348 JO alBuB Y3}TM JOII2 arnssatd-1el07 JO UOTIYRTIRBA - TE 9In3T4
dn Jep ‘yomyv jo erduy unoq

oY 0t (474 ot 0 ot oz 0t oY

y v

- fE

¥
i o4
fL

NACA TN 2331
=
%



NACA TN 2331

5k

"G40 Lqny,

‘08198 JO oT8uB YjTM I0113 aanssaid-1Bl03 JO UOTIRBIIBA —-°2f aanITd

dn 4 | 3ep ‘yowmyw Jo e(duy umoq
o ot 0z ot ] )¢ oz o¢ oy
T
T VIVN
R
\, y
\ \
.n/
/V// e g
D Vs 4 N
$-0 eqnyl
4“ 194
|||||||||||||||||||||||||||| ¥
ol T - S oo Lt T o ———
1 !
I

-

[

&E



5

*9-D Laqng
*}0B31® JO 97FuB Y3TM JOIXd aanssaxd-T1e301 JO UOIRARTIBA ~-°§f aandty

.

d . 3ep ‘jyowrv Jo eTduy unoq
(414 (v, S oz 0t 0 0T oz ot oY

-

N | FaANE

NACA TN 2331

© 0
9-2 eqny
a «8/1 7/
T R N, T
“ Iﬁl lllllll T Do o ~
v oST o
Y oST



NACA TN 2331

*L-0 8aqny,
*joB338 JO aTdue Y3TM J0II19 sanssaxd-1B8303 JO UOTFBIIBA - £ sandtg

da Jep ‘yowy3e Jo erluy usoq

oY ot oz ot 0 oT 0e ot - 07

9°-

-

(Al

56

P-4 & & & &
L=0 eqny

w8/T w7/T
A — T
ol e e e =4t

: ~
oST ~

¥ 002




57

gm0 eqnp

*398138 JO STJuB U3 IM JOIID aInssard-T1e303 JO UOTIFBIIBA =-°CE aandryg

dn
o

3ep ‘nowm3w Jo er3uy

oz (U ¢ 0 ot oz

usoQ

o

T

VIVN

T

8-

Fal

D 9°=

-

NACA TN 2331

CE



NACA TN 2331

) *T-Q =qny
*}de33® JO STIuB U3IM J0XI5 aanssard-Tvl03 JoO UOTYBTIBA -'9f aandtyg
an Sep ‘xowy3v jo eyduy asoq
oY ot oz 0T 0 ot oz o€ oY \o
: ] . ! T
/ LIV, _ \
8-

/ __ /

\ /T

] —— e
18 ﬂ!lllnllttl'.ln!f lllllllll e —

1 o




59

: *2-q Lqng,
*}08B318 JO ST3uUB Y3ITA JI0II3 3INSSSIA-TBI0Y JO UOTI}IBIIBA =~ )¢ 8InI1Jg
dg Bep ‘xow13e jJo erduy amoq
o7 o€ oz ot .0 ot oz ot oY

/)

N I/

1

- — — — T e T T T . T T T oo

;
Ly

S22

NACA TN 2331



NACA TN 2331

"£-a aqny,

*30B33® JO 278uUB Y3Im J0JI8 aanssaxd-T1er0q JO UCT3BTIBA -'Qf 2and1y

dn Bop “yomyw Jo eduy usog
o7 ot 0z ot 0 ot 0z o€ o7
L < ; 0

8°=

/

Yo

- LE

[ A

£€=q eqnl

ﬂ »8/T

wl




61

NACA TN 2331

‘-0 eqany
*¥o®33® JO 9Tue UY3Tm JOIIa 3Inssard-1®¥303 JO UOTIBIIBA -'£f 2anITg

dn 3ep ‘xowygw jo erduy amoq

oy o€ 0z ot 0 ot o2 ot o7
T

VNS

N
N ,. , _

N VI

8-

[4]
-q eqny
‘d‘ »8/1 o7/t
a - F———"" T
== T = ——— — = —
! %




NACA TN 2331

62

o= eqnyl

.xo.mppw Jo 3T78ue Y31IM J0IX3 axnssaxd-1B8303 JO UOTLIBIIBA -*0Off sand1g
da Bop ‘xomaw jo eTduy amoq
oY o€ oz ot 0 0T oz o€ oY
T T
8°-
w/ P
/ /\.
N \\ "
4 ftr -
c/ v\c
N ———— —a—] 0
$-q eqny
ﬂ tm\d ...N\.n
T |~|r'|..vl«l|lﬂ»l|l||||l'|tl.l..|’)||..;|'ll.l||l]\
" T ————— - — — — = A
| om.«w/?

&B



63

NACA TN 2331

"9-q aqny,

328338 JO ST3UB Y3 TA I0IId 2anssatd-1B303 JO UOTIBIIBA = Tf 8andty

Sep ‘3013 Jo eduy
o0z ot 0 S

umoq
ot ot oY

v o.-

zt-

For

ul




NACA TN 2331

6l

T-H =|qny,
*)Yo®B33®B JO 3T8um Y3TM IOII5 2Inssaid-Tei03 JO UOTIBTIBA - 2 sandig

dn 3ep ‘jowm3w Jo eTIuy usoq
ov of 0z ot 0 o1 0z ot oY

A7 VIVN

Y/
L r- £&

¢
q

¢
&
&




65

‘g-d |qQny
*}{98338 JO 9TBuUB YITA 10113 aanssaxd-1e301 JO UOIBIIBA ='t4 2an3tyg

dn 3ep ‘xom3v jo eTduy anoq

o7 o€ oz ot 0 ot 0z o€ o7
T T P

VIOVN

\ 9*-
/ . \ — r- Ok

>—o o\n 0
=% oqn} \/.AIIOH
|||||| — —— 0
ﬂ..m\ﬁ J — =

NACA TN 2331
l,__l
|
!
|
t
\

\
|
\
\
\f"'
\



NACA TN 2331

66

*E-" aquy,

*}0B39® JO 91FuB Y31 JOIIS aInssaid-T830%3 JO UOTIBIIBA ~-° iy 2anF1d

dn
oY 0t

(674

ot

Sep ‘qowmyw Jo eTduy
o]

(128

[¢14

ot

ano(
)4

T T

T VIVYN

7

A

y

a>a

o]
AN

-3 oMy

=002

8=

9°~

¥y~

[AR

Ly



67

“h-d equy,
*}983318 JO STJUB Y3 TM JOII8 aanssaxd-Teq03 JO UOTIBIIBA -*Gh 2aIn3dTy
dp Sep ‘xowmye jo eyduy umo(
oy ot 0z 43¢ 0 ot oz ot o7

PR

—- wa'

\ - &g

NACA TN 2331



NACA TN 2331

‘G- eAqny,

*}0®B338B JO 3T3UB Y3 TM JOJII> aanssaxd-18307 JO UOT]BIIBA =*Of aan31g

dq
oY ot

Fep *3owy3w jJo tﬁwi anoq
(874 ot o] ot oz ot o7

T T
e N
IV

8-

9°-

7

z'-

SE



NACA TN 2331

‘9-3 eqny

"}oB39® JO o7Fue Y3TM I0I1d 3Inssaad-18103 JO UOTRBLIBA -°)f SanI1J

dn
o7

o€

3ep ‘)xom3w jo erduy umo(q
0z Toot 0 ot 0z ¢ o7

T

7 VIVN ™

8°-

9~

: \ - £

/ e
r/. V\!\
VY, \ & & & =t ] 0
93 eqny,
4\ w9/
1
ol

NACA-Langley - 4-9-81 - 1100






